1. Introduction {#sec1}
===============

Heart failure (HF) is the final state of various cardiovascular conditions where the heart is no longer capable of supplying sufficient blood to support the physiological demand of the body. Despite currently available therapies, HF remains a chronic condition with high morbidity and mortality rates [@bib1], [@bib2]. Since the pathogenesis of the disease is complex, there is a dire need for a comprehensive and thorough understanding of the pathophysiological processes that lead to the onset and progression of HF in order to improve or develop novel therapeutic options.

Pathological cardiac remodeling is marked by hypertrophic growth of the heart, formation of fibrotic tissue, infiltration of inflammatory cells, and reduced myocardial capillary number. HF is associated with vascular structural remodeling, which leads to disturbed blood flow and heart muscle tissue perfusion [@bib3], [@bib4]. Reduction in capillary density, or capillary rarefaction, occurs in the heart of patients with HF [@bib5], [@bib6], and is determined by the rate of angiogenesis in the heart where endothelial cells (ECs) play a significant role [@bib7], [@bib8]. Despite the conflicting results from past and ongoing clinical trials, pre-clinical *in vivo* studies show clear improved cardiac function after neovascularization by enhancing capillary density with pro-angiogenic compounds [@bib9], [@bib10], [@bib11]. One of the possible reasons for this discrepancy is the common use of single pro-angiogenic agents, mostly considered insufficient to boost angiogenesis in the heart [@bib12], [@bib13].

MicroRNAs (miRNAs) are short non-coding RNAs (ncRNAs), 21--23 nucleotide-long that function by repressing the expression of their target genes [@bib13], [@bib14]. miRNAs are able to bind complementarily to the 3′ untranslated region (UTR) of more than one hundred target messenger RNAs (mRNAs) [@bib15], [@bib16] involved in regulating common or diverse networks or pathways, allowing the occurrence of a synergistic effect. In contrast, long ncRNAs (lncRNAs) are more than 200 nucleotides in size and exert multiple functions, including functioning as scaffold for transcription factors, or acting as molecular sponges [@bib17]. ncRNAs are established regulators of cardiac capillary formation [@bib18], [@bib19], [@bib20] and their endothelial expression is influenced by various factors released by the adjacent cell types, forming an intercellular communication network. Exosomes have emerged as an essential intercellular communication tool among different cell types in the heart as they are able to carry various biological information, including proteins, lipids, and ncRNAs, from donor cells and affect the behavior of the recipient cells [@bib21], [@bib22]. In this review, we discuss the contribution of microvascular remodeling in the development of HF. We outline the role of ECs and the significance of ncRNAs in the regulation of heart microvasculature. Moreover, we discuss the role of exosomes as an intercellular communication tool affecting endothelial angiogenic capacity. Finally, we discuss angiogenic ncRNAs as potential targets for neovascularization therapy to ameliorate HF.

2. Development of heart vascularization {#sec2}
=======================================

ECs, among other cell types, are a major determinant of the homeostasis of the heart. They line the interior of myocardial capillaries, forming an endothelial contour, which serves as an anatomical and functional boundary between blood and the surrounding tissues. The formation of blood vessels starts with the formation of a linear heart tube consisting of several layers of cardiomyocytes (CMs) adhering to the EC layer, which develops at embryonic day (E.) 8 in the mouse and E.17-.19 in human. At this point, the heart is avascular and receives nutrients and oxygen supply from its surroundings through diffusion [@bib8]. As the CM layer grows, the diffusion process can no longer maintain nutrient demand, and soon after the heart starts to contract, the primitive vascular plexus forms [@bib23]. The plexus originates from angiogenic precursor cells coming from the pro-epicardial organ and sinus venosus, which will differentiate into ECs and form a primeval capillary network [@bib8], [@bib23]. This early phase of blood vessel formation where blood vessels develop from non-existing vessels is termed vasculogenesis. The vascular plexus expands through EC sprouting from the pre-existing capillaries in a process known as angiogenesis, ultimately developing into an organized network of smaller and larger vessels. At E.13 in the mouse (E.42 in human) this network connects with the aorta, followed by colonization of smooth muscle cells and fibroblasts to form the media and adventitial layer in a process called arteriogenesis [@bib8], [@bib24]. Myocardial thickness increases approximately fourfold during postnatal life due to CM proliferation up to day 7 [@bib25], and hypertrophic growth. The increased metabolic demand of proliferating and hypertrophying CMs is met by the expansion of myocardial capillary density three-to fourfold during the first 3 weeks of postnatal life [@bib8]. Cardiac capillaries and CM growth are proportional to an increase in cardiac mass [@bib26], suggesting that any alterations in these processes may result in myocardial hypoxia and/or ischemia leading to pathological remodeling and eventually HF.

3. Capillary rarefaction in the failing heart {#sec3}
=============================================

Myocardial growth and angiogenesis are adaptive responses of the heart to an increase in hemodynamic demand. An upregulation of myocardial capillary density has been long observed in response to the presence of physiological stimuli, such as pregnancy and exercise, while an opposite effect occurs in HF [@bib27], [@bib28], [@bib29]. Vascular endothelial growth factor (VEGF) is an angiogenic molecule with a pivotal role in vessel formation of several organs, including the heart [@bib28], [@bib30]. CM growth induced by physiological stimuli through the Akt1 pathway [@bib31], [@bib32], [@bib33] can promote CM growth with simultaneous upregulation of VEGF and promotion of angiogenesis, leading to an increase in capillary number [@bib33]. Activation of Akt in heart muscle-restricted inducible Akt1 transgenic mice increases production of VEGF, with subsequent preservation of cardiac capillary density, indicating the paracrine effect of VEGF on the surrounding myocardial ECs [@bib34]. Hypoxia inducible factor-1α (HIF-1α) and GATA4 are two major positive regulators of VEGF, that are involved in the regulation of VEGF in the heart by acting on distinct regulatory elements of VEGF [@bib30], [@bib35]. An increase in capillary mass, in turn, can maintain cardiac muscle growth by enhancing the secretion of growth factors from the endothelium, such as nitric oxide (NO), which is transferred to CMs and results in the activation of PI3Kγ/Akt pathway [@bib36], [@bib37], [@bib38].

Deregulation of PI3Kγ/Akt/VEGF pathway leads to cardiac dysfunction. VEGF deficiency has been observed during pressure overload, leading to a capillary rarefaction and transition to HF [@bib30], [@bib39]. The myocardium is highly dependent on oxygen and nutrients, and therefore, displays a high capillary number to guarantee ample amount of supplies [@bib36], [@bib40]. Vascularization of the myocardium is essential for cardiac homeostasis, and any abnormalities in this process will impair cardiac function. Capillary rarefaction has been observed in HF induced by various etiologies, including myocardial infarction, hypertension, or cardiomyopathy [@bib6], [@bib41], [@bib42]. Recent studies have also demonstrated capillary rarefaction in HF patients with preserved ejection fraction (HFpEF) and indicate that cardiac endothelial cell remodeling has a causal role in the onset and progression of the disease [@bib30], [@bib43], [@bib44]. An increasing body of evidences shows that stimulation of blood vessel formation in the heart could exert a therapeutic benefit for a failing heart. Neovascularization therapies to induce canonical angiogenesis pathways through the PI3K/Akt1/VEGF axis has been advocated to improve capillary density and subsequent heart function [@bib45], [@bib46]. However, and although animal studies showed promising results, clinical trials have shown none or only very modest effects [@bib46], [@bib47], [@bib48]. This is due to several factors, including the choice of one single pro-angiogenic growth factor, which is considered insufficient to boost angiogenesis in the heart [@bib12], [@bib49]. From this perspective, ncRNAs, given their pleiotropic effects, serve as promising targets for neovascularization therapies in HF.

4. Non-coding RNAs in cardiac angiogenesis {#sec4}
==========================================

ncRNA species are artificially divided into two groups depending on the length of their nucleotide sequence: small ncRNAs that are less than 200 nucleotide-long, and lncRNAs, which are more than 200 nucleotides in length [@bib50], [@bib51]. Small ncRNAs are functionally subdivided into various categories, including small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs), piwi interacting RNAs (piRNAs), and miRNAs. lncRNAs comprise the most heterogeneous and most poorly characterized group of non-coding transcripts to date. In this review, we focus on the contribution of miRNAs and lncRNAs in the regulation of cardiac microvasculature.

4.1. MicroRNAs {#sec4.1}
--------------

miRNAs are most likely the best studied functional, small ncRNAs. They are evolutionarily conserved ∼22-nucleotide single-stranded RNA molecules that function by inhibiting the expression of mRNA targets through Watson--Crick base pairing with their binding site on the 3′UTR of the target transcript. Depending on the binding specificity, the target mRNA may be degraded (mRNA cleavage) or, more commonly, its translation is inhibited (mRNA decay). The varying degree of specificity in the complementarity between the miRNA and the target mRNA allows the same miRNA species to regulate several different mRNAs, simultaneously [@bib52]. The human genome has been estimated to encode more than 1000 miRNA genes [@bib53], which regulate over 60% of protein coding genes [@bib49], [@bib54]. miRNAs are transcribed in the nucleus by RNA polymerase II as primary miRNA (pri-miRNA) transcripts [@bib55]. The pri-miRNAs are then cleaved by the RNase III enzyme Drosha to generate precursor miRNAs (pre-miRNAs), which are subsequently exported to the cytoplasm by exportin-5 [@bib55], [@bib56]. Once in the cytoplasm, pre-miRNAs are further processed by RNase III enzyme Dicer into mature ∼22 nucleotide single stranded miRNAs which are then incorporated into the RNA-induced silencing complex (RISC) [@bib57]. Eventually, the mature miRNAs will guide this complex, through its complementary base pairing to degrade or to inhibit the translation of target genes [@bib58].

miRNAs are involved in the regulation of various biological processes, such as cellular proliferation, differentiation, and migration [@bib20], [@bib59]. Aberrant expression of miRNAs has been observed in different cardiac pathologies, including HF [@bib60], [@bib61], [@bib62] and post-myocardial infarction remodeling [@bib63], [@bib64]. In addition, miRNAs have been reported to regulate various aspects of the cardiact angiogenic response through their direct effect on ECs [@bib18], [@bib65], [@bib66]. The first clue of the involvement of miRNAs in the regulation of angiogenesis was observed in Dicer knockout mice which displayed early mortality during embryonic development caused by impaired angiogenesis [@bib67].

Functional endothelial miRNAs can be categorized into those that impair (anti-angiogenic) and those that induce (pro-angiogenic) endothelial angiogenic properties. miR-92a and miR-24 are two abundant endothelial miRNAs with anti-angiogenic properties. Inhibition of miR-92a improved vascular function and proliferation, with subsequent amelioration of heart function, both in a pig model of ischemia/reperfusion injury [@bib68] and a mouse model of myocardial infarction [@bib18]. miR-92a interacts with MAP kinase kinase 4 (MKK4) and Kruppel-like factors-4 (KLF4), thus interfering with cell cycle progression in ECs [@bib69]. miR-24 is enriched in cardiac ECs and upregulated after an ischemic insult. Inhibition of endothelial miR-24 leads to reduced myocardial infarct size and improved heart function in mice, an effect that is mediated through prevention of EC apoptosis and enhanced vascularity [@bib19]. miR-24 is also able to directly inhibit p21 protein (Cdc42/Rac)-activated kinase 4 (PAK4) and GATA binding protein 2 (GATA2) to improve EC survival and fitness [@bib19] ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1The role of ncRNAs in cardiac EC function in HF. In the injured heart, cardiac remodeling, including capillary rarefaction, takes place, leading to relative hypoxia in the heart. In response to these environmental changes, ECs are able to alter their gene expression profiles in a number of ways, including through ncRNA-mediated gene silencing. Interplay with other cell types, such as CMs also occur, which can be mediated by exosomal transfer. Several EC miRNAs and lncRNAs, and their target genes are shown to regulate EC cell cycle progression or apoptosis process, which determine the function and development of cardiac microvascularization.Fig. 1

Similarly, miR-26a [@bib70] and miR-377 [@bib71] are two recently described miRNAs whose inhibition leads to recovery of microvascularization of the heart tissue. miR-26a expression is upregulated in a mouse model of acute myocardial infarction and in human subjects suffering from acute coronary syndromes [@bib70]. SMAD family member 1 (SMAD1) was demonstrated to be the target gene of miR-26a responsible for these effects. Administration of a miR-26a inhibitor to mice subjected to myocardial infarction, led to an increase in SMAD1 expression with subsequent enhancement of angiogenesis, reduced infarct size and improved cardiac function [@bib70]. Heart tissue from patients with HF revealed a significant upregulation of miR-377 expression, a miRNA that inhibits migration and the capacity of ECs and endothelial progenitor cells to form tubes *in vitro*. Implantation of miR-377-null endothelial progenitor cells into ischemic myocardium resulted in an attenuation of pathological cardiac remodeling [@bib71], an effect that is mediated by the direct pro-angiogenic target of miR-377, serine/threonine kinase 35 (STK35) ([Fig. 1](#fig1){ref-type="fig"}). A similar role is exerted by miR-34 whose expression is upregulated in response to stress. Inhibition of all its family members (miR-34a, 34b, and 34c) results in increased capillary density in a mouse model of either myocardial infarction or pressure overload, accompanied by reduced fibrosis and improved heart function [@bib72]. Downregulation of this miRNA leads to upregulation of several target genes, including VEGF, vinculin, protein *O*-fucosyltranferase 1, Notch1, and semaphorin 4B [@bib72]. Even though the direct role of this miRNA and its target genes in the endothelium remains to be further investigated, it is clear that cardiac endothelial function is affected by the modulation of this miRNA [@bib73].

Another anti-angiogenic miRNA is miR-503 whose expression is upregulated in myocardial microvascular ECs from type 2 diabetic Goto--Kakizaki rats, leading to impaired angiogenesis [@bib74] as observed by reduced proliferation, migration, and network formation capacity of these cells *in vitro*. These effects were mediated by the suppression of target genes Cyclin E1 (CCNE1) and cell division cycle 25A (cdc25A). Inhibition of miR-503 in the ischemic muscle tissue of diabetic mice leads to improved post-ischemic angiogenesis and blood flow recovery [@bib75]. Given the fact that miR-503 is involved in the regulation of EC angiogenic capacity and that there is dysregulation of the expression of this miRNA in the hearts of diabetic mice, it is plausible that miR-503 also plays a role in regulating myocardial angiogenesis in the development towards HF.

miR-210, a strongly expressed miRNAs under cardiac hypoxic conditions, is considered to be a valid biomarker for chronic HF [@bib76], [@bib77]. The function of miR-210 is, however, debatable. It has been advocated that this miRNA is pro-angiogenic and anti-apoptotic, through direct interaction with protein tyrosine phosphatase 1b (Ptp1b) and ephrin A3 (Efna3) ([Fig. 1](#fig1){ref-type="fig"}). Intra-myocardial injections of a minicircle vector carrying miR-210 precursor into a mouse model of myocardial infarction resulted in improved cardiac function in comparison to the untreated, control group. Histological analysis showed a decrease in cellular apoptosis and increased neovascularization [@bib78]. In contrast, another study shows that miR-210 targets HIF-1α and induce a detrimental angiogenic response under hypoxic conditions while its inhibition improves heart function and survival of mice after myocardial infarction [@bib79]. These diverging results could be a product of different transfection methods and efficiencies and/or technical bias, however this still requires clarification.

Another well-known endothelial-enriched pro-angiogenic miR is miR-126, an established fundamental player in the maintenance of vascular integrity and function [@bib65]. This miRNA is encoded within the host gene epidermal growth factor like domain 7 (EGFL-7), known to regulate tubulogenesis [@bib80]. miR-126 is able to potentiate endothelial pro-angiogenic pathways in multiple axis. It directly inhibits sprout-related, EVH1 domain, containing 1 (SPRED1), an inhibitor of the extracellular regulated MAP kinase (ERK), to prevent its anti-angiogenic action. miR-126 is also a potent anti-apoptotic factor through regulation of the PI3K/Akt [@bib81], [@bib82], [@bib83]. While recent findings report a decrease in circulating levels of miR-126 after myocardial infarction, miR-126 expression profiles can also be correlated to cardiac function indexes, strongly supporting the contribution of miR-126 to regulation of proper cardiac function ([Fig. 1](#fig1){ref-type="fig"}) [@bib81], [@bib84].

Several other miRNAs were reported to display differential expression and have biological relevance when exposing ECs to different types of stress, such as alterations in the blood flow, inflammatory response, hyperglycemia, and hypoxia ([Table 1](#tbl1){ref-type="table"}). While the significance of such findings to the regulation of cardiac microvasculature has not yet been established, we speculate that many of these miRNAs may also play a role in the remodelling of the injured heart by impacting EC function.Table 1Functional miRNAs in ECs exposed to pathological stimuli prevalent in cardiovascular diseases.Table 1miRNAsTargetsPathological StimuliModelEffectReferencesmiR-15aFGF2\
VEGFIschemiaMurine HindlimbAnti-angiogenic[@bib85]miR-19aCCND1Dysregulated FlowHUVECAnti-proliferation[@bib86]miR-19/221/222PGC-1αInflammationHAECPro-apoptotic[@bib87]miR-21PTENDysregulated FlowHUVECAnti-inflammation\
Anti-apoptotic[@bib88]miR-92KLF2Dysregulated FlowHUVECAnti-angiogenic\
Pro-inflammation[@bib89]miR-100mTORIschemiaMurine HindlimbAnti-angiogenic[@bib90]miR-101Cul3IschemiaHUVECPro-angiogenic[@bib91]miR-101mTORDysregulated FlowHUVECAnti-proliferation[@bib92]miR-106b∼25PTENIschemiaMurine Hindlimb\
HUVECPro-angiogenic[@bib93]miR-107Dicer1IschemiaMCAO mice\
HUVECPro-angiogenic[@bib94]miR-132/212Rasa1\
Spred1\
Spry1IschemiaMurine HindlimbPro-angiogenic[@bib95]miR-155AT1R\
VEGFR2IschemiaMCAO miceAnti-angiogenic[@bib96], [@bib97]miR-155AT1R\
Ets1InflammationHUVECAnti-inflammation\
Anti-angiogenic[@bib98]miR-200cZEB1IschemiaMurine Hindlimb\
HUVECAnti-angiogenic[@bib99]miR-221/222Ets1InflammationHUVECAnti-inflammation[@bib98]miR-223RPS6KB1IschemiaCMECAnti-angiogenic[@bib100]miR-365Bcl2InflammationHUVECPro-angiogenic\
Anti-inflammation[@bib101]miR-424Cul2IschemiaHUVECPro-angiogenic[@bib102]miR-663KLF4\
CEBPB\
ATf3Dysregulated FlowHUVECPro-inflammation[@bib103]

4.2. LncRNAs {#sec4.2}
------------

lncRNAs differentially regulate gene expression. Prior to transcription, lncRNAs can act as a scaffold to recruit and coordinate the assembly of epigenetic complexes. They are able to interfere with transcription by serving as a decoy or competing with transcription factors, while potentially also being able to inhibit RNA polymerase II activity. Post-transcriptionally, lncRNAs can affect gene expression by interacting with mRNAs and causing their destabilization [@bib104], [@bib105], [@bib106]. Moreover, lncRNAs can serve as sponges for miRNAs [@bib107].

lncRNAs identified to be involved in cardiac microvascular dysfunction are myocardial infarction-associated transcript (MIAT) and PUNISHER ([Fig. 1](#fig1){ref-type="fig"}). Expression of MIAT was first reported as a predictor of myocardial infarction [@bib108] and later related to pathological angiogenesis [@bib109]. MIAT is able to sponge miR-150-5p, which is responsible for abnormal upregulation of VEGF, and thus promoting pathological reduced angiogenesis and microvascular dysfunction [@bib109]. PUNISHER is a novel endothelial-specific lncRNA conserved in zebrafish, mice and human, named retrospectively according to the phenotype it induces in zebrafish. It appears to be an essential regulator of vessel formation as its inhibition results in severe vascular defects, which negatively correlates with cell cycle- and endothelial fitness-related gene expression, and positively correlates with cell adhesion-related gene expression [@bib110].

While comprehensive studies on the role of lncRNAs in the regulation of cardiac microvasculature are scarce, these few reports provide some insights into the topic. Several lncRNAs are known to regulate EC function and behaviour, and despite not having been proven to exert their role in the heart, it is plausible that they play a role in fine tuning of cardiac function [@bib17], [@bib111]. The metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is a pro-angiogenic lncRNA that is upregulated under hypoxic conditions and fundamentally controls the switch between endothelial proliferative and migratory phenotypes [@bib112], [@bib113]. Another noncoding transcript that may impact on cardiac microvasculature is an antisense RNA transcript named ANRIL (antisense noncoding RNA in the INK4 locus) [@bib114]. ANRIL is expressed in both vascular endothelial and coronary smooth muscle cells. Single nucleotide polymorphism variants of ANRIL have been linked to angiogenesis and atherosclerosis [@bib115], [@bib116]. In addition to ANRIL, lncRNA maternally expressed gene 3 (MEG3) has been described to play a role in diabetes-related microvascular dysfunction. MEG3 expression levels are significantly low in the retina of streptozotocin-induced diabetic mice and MEG3 knockdown exaggerates retinal microvascular dysfunction, shown by increased microvascular leakage, inflammation, and capillary degeneration [@bib117].

Other angiogenesis-related lncRNAs are LINC00323 and MIR503HG. Silencing of LINC00323 in human umbilical vein endothelial cells (HUVECs) inhibited cell proliferation, migration, and tube formation capacity. A direct interaction between LINC00323 and eIF4A3/GATA2 suggests that LINC00323 acts as a scaffold controlling the expression of these two endothelial transcription factors. MIR503HG represses miR-424 expression in an hypoxia-dependent fashion and its inhibition leads to upregulation of miR-424 with subsequent impairment of EC proliferation and migration. MIR503HG seems to regulate endothelial angiogenic capacity by altering the expression of GATA2 via modulation of miR-424 expression levels [@bib118].

SENCR is a human vascular-enriched lncRNA whose expression is abundant in ECs and positively correlates with Friend Leukemia Integration virus 1 (FLI1) expression, a regulator of endothelial development. The levels of this lncRNA are altered in vascular tissue and cells derived from patients with limb ischemia and with premature coronary artery disease. Overexpression of SENCR in HUVECs induces cell proliferation, migration, and tube formation capacity [@bib119]. Two other lncRNAs which promote EC function are platelet-activating factor acetyl hydrolase 1B1 (PAFAH1B1, also known as Lis1) and NONHSAT073641. Downregulation of these lncRNAs leads to impaired endothelial tube formation and decreased sprouting. PAFAH1B1 promotes the expression of Matrix Gla Protein (MGP), a positive regulator of endothelial angiogenic capacity, as it is required for active histone marks and binding of RNA Polymerase II to the transcriptional start site of MGP. Although NONHSAT073641 positively regulates angiogenesis to a similar extent as PAFAH1B1, its molecular mechanism is still unknown [@bib120].

5. Exosomes as an intercellular communication tool between cardiomyocytes and endothelial cells {#sec5}
===============================================================================================

ncRNAs can be transferred and influence the behaviour of other cells adjacent to their cell of origin. The mechanism of this transport can be either through direct cell-to-cell contact or through a paracrine-like action. Even though ncRNAs can travel through gap junctions from one cell to another [@bib121], [@bib122], [@bib123], extracellular transportation has been the focus of most recent studies. The majority of secreted RNAs are chaperoned by another biological entity, including exosomes, which protects them from RNAse-mediated degradation [@bib124], [@bib125]. Exosomes are small (ranging from 40 to 100 nm) cup-shaped, double-membraned extracellular vesicles secreted by the vast majority of human cell types [@bib126]. They begin as intracellular vesicles, known as endosomes, which result from the inward budding of the cell membrane. Once the endosome is formed, there is an invagination of its membrane, leading to accumulation of intraluminal vesicles within the larger multivesicular bodies (MVBs). The outer membrane of MVBs retains much of the plasma membrane composition, while its internal vesicles can incorporate cytosolic components [@bib127]. MVBs can fuse with lysosomes for degradation of their cargos, or with the plasma membrane in order to release their internal vesicles, referred to as exosomes [@bib128]. The process of exosome biogenesis differentiate these vesicles from other extracellular vesicles that arise from the outward budding of the cell membrane, apoptotic bodies, or necrotic blebs of the plasma membrane [@bib129]. Exosomes can enter target cells through a variety of mechanisms such as ligand-receptor binding, membrane fusion, or endocytosis [@bib130]. Exosomes mostly maintain the membrane characteristics of their parent cell which is enriched in cholesterol, sphingomyelin, glycolipids and ceramide [@bib131]. Specific proteins, residing on the surface of the exosomes including tetraspanins (CD9, CD63, and CD81), can be used as exosomal markers. Exosome secretion depends on Rab27a and Rab27b which mediate the anchoring to the plasma membrane [@bib132], [@bib133]. Several mechanisms are involved in the specific sorting of exosomal cargos, including endosomal-sorting complexes required for transport (ESCRT), tetraspanins and lipid-dependent mechanism. The ESCRT complex, which is composed of several sub-complexes, produce vesicles through inward budding of MVBs and sort mono-ubiquitinated proteins into them. Tetraspanins function to sort different cargos and interact with other transmembrane proteins, cytosolic proteins and lipids, and to organize the exosome membrane into tetraspanin-enriched domains [@bib131], [@bib134]. Lipid-dependent mechanisms involve the synthesis of ceramide by a rate limiting enzyme neutral sphingomyelinase 2 (nSMase2), which can be inhibited by nSMase2 inhibitor compounds such as GW4869. Ceramide triggers the invagination of exosomes into MVBs and this pathway is considered responsible for the uptake of miRNAs into exosomes [@bib135], [@bib136].

miRNAs have been reported to transfer within exosomes [@bib137]. Following RNA-induced silencing complex (RISC) disassembly, some miRNAs are integrated into the intraluminal vesicles within MVBs [@bib124]. Previous studies showed that miRNAs are selectively incorporated into exosomal vesicles [@bib138] and can be enriched differently than the parent-cell type [@bib139]. The different theories as to how the selection for exosomal transport occurs are still debatable [@bib140]. Exosomes were initially described as a mechanism used by reticulocytes to discard redundant receptors and proteins complexes as they develop into erythrocytes [@bib141]. In cancer, exosomes have been shown to pass malignancy from cancer cells to the surrounding areas which are less or non-malignant [@bib142], [@bib143]. In addition, exosomes are now emerging as important tools of intercellular communication among different cell types in the heart [@bib21], [@bib131], [@bib133].

*In vitro* experiments established that the communication between CMs and cardiac ECs through exosomal miRNA transfer is an effective way of modulating gene expression and affectting the biology of these cells. Exosomes from diabetic rats-derived CMs are enriched in anti-angiogenic miR-320 but deficient of pro-angiogenic miR-126. Mouse cardiac ECs are able to incorporate these exosomes, which eventually lead to impairment of their proliferative, migration, and tube formation capacities ([Fig. 1](#fig1){ref-type="fig"}). This is associated with downregulation of the exosomal miR-320 target genes insulin-like growth factor 1 (IGF1) and E26 avian leukemia oncogene 2 (Ets2), in the recipient ECs [@bib144].

Independent studies have postulated that vesicular miR-126-deficiency under pathological conditions can result in a decrease of endothelial neovascularization potential [@bib145], and that this phenotypical change can be rescued by extracellular transfer of functional miR-126 [@bib146]. In line with these results, miR-126 along with miR-210, were found to be upregulated in the exosomes derived from cardiac ECs under hypoxic conditions. Overexpression of HIF on ECs also increases the expression of these miRNAs in the exosomes, which can be incorporated into cardiac progenitor cells to drive a pro-survival phenotype, proving their functionality across multiple cell types. Accordingly, delivery of these progenitor cells to mouse hearts after myocardial infarction leads to improved ejection fraction [@bib147]. In a similar process, miR-146a is able to induce detrimental phenotypes in ECs, which results in the inhibition of angiogenesis in a mouse model for peripartum cardiomyopathy. Transfer of exosomal miR-146a to CMs changes their metabolic activity and contractility, leading to impairment of heart function [@bib148]. A recent study determined the pro-angiogenic nature of miR-214 [@bib149], adding to the controversy in literature. While miR-214 seems to play a role in exosome-mediated signaling to promote EC angiogenic capacity [@bib149], it can also function as an anti-angiogenic agent, once its direct transfection on ECs leads to reduced sprouting and tube formation [@bib150]. Nevertheless, this miRNA was found to be secreted within EC-derived exosomes and be able to modulate endothelial angiogenic properties ([Fig. 1](#fig1){ref-type="fig"}).

lncRNAs have not yet been as much the focus of research as their smaller counterparts in the context of extracellular transport and intercellular communication, particularly in the field of cardiovascular diseases. However, interesting observations have been made, indicating that lncRNAs are selectively loaded and enriched in exosomes from cancer cell lines, including the previously described MALAT1 [@bib151]. Another lncRNA, LINC00152, is present in plasma-derived exosomes of gastric cancer patients. The majority of this lncRNA in plasma is derived from exosomes, establishing it as a diagnostic marker for gastric cancer [@bib152]. Moreover, the lncRNA HOTAIR was found in exosomes isolated from serum of laryngeal squamous cell carcinoma patients and its expression is elevated in patients with lymph node metastasis in comparison to those without metastasis [@bib153]. Furthermore, it has been demonstrated that hepatocellular cancer cells secrete exosomes containing various lncRNAs, including HOTAIR, HULC, linc-ROR and H19 which, *in vitro*, can be uptaken by ECs and induce angiogenesis by promoting EC re-organization into tubular-like structures and an increase in the expression of VEGF and its receptor [@bib154].

Taken together, these studies emphasize the importance of crosstalk and subsequent exchange of gene expression regulators between multiple cell types in the heart. We expect that more comprehensive studies of exosomal ncRNA function in cardiovascular regulation in health and disease will keep yielding interesting and therapy-oriented results.

6. Angiogenic ncRNAs as potential therapeutic targets for heart failure {#sec6}
=======================================================================

An increasing number of evidence supports the relevance of capillary rarefaction in the development of HF. Patients with end-stage HF due to idiopathic dilated cardiomyopathy [@bib5], [@bib6], ischemic cardiomyopathy, and inflammatory cardiomyopathy [@bib5] have demonstrated a reduction in cardiac capillary density. As capillary rarefaction leads to a decrease in coronary flow reserve [@bib155], which is correlated with poor tissue perfusion and an abnormal oxygen consumption pattern [@bib156], promotion of angiogenesis serves as a potential therapeutic tool for HF. In fact, studies have shown the efficacy of several pro-angiogenic factors in improving heart function in animal models of HF. Administration of VEGF and Ang-1 to a porcine model of myocardial infarction results in an increase in vascular density, myocardial perfusion and function [@bib45]. Treatment of a rat model of chronic HF induced by coronary artery ligation with combination of fibroblast and hepatocyte growth factor stimulates cardiac angiogenesis and arteriogenesis, leading to improved myocardial function and perfusion, as measured by magnetic resonance imaging [@bib46]. In addition, several approved drugs, including pitavastatin and benidipine, categorized as statins and calcium-channel blockers, respectively, have been reported to induce myocardial angiogenesis and improve contractility in a mouse model of pressure overload [@bib157] and in Dahl-salt sensitive rats [@bib158]. Despite the efficacy of angiogenesis therapy observed in animal studies, conflicting results have emerged from clinical trials. Several randomized clinical trials, including AGENT [@bib47], VIVA [@bib46], and KAT [@bib48], have shown only modest cardiac function improvement after fibroblast growth factor (FGF) or VEGF gene therapy. This may be due to several factors, including patients selection, delivery strategy, and the chosen growth factors [@bib49]. A single pro-angiogenic gene that is commonly used to promote angiogenesis [@bib12] might be considered insufficient to boost angiogenesis in the heart. From this perspective, modulation of ncRNAs offers a promising new potential therapeutic strategy. miRNAs are able to regulate multiple genes often coordinating one single signaling pathway, or several pathways, leading to a stronger synergistic effect than the effect of a single therapeutic target. miRNAs are also an interesting therapeutic option since they are comprised of only ≈22 nucleotides that can easily be inhibited or overexpressed. In addition, these nucleotide sequences are highly conserved across multiple species, favoring the translation from preclinical animal studies to clinical trials in humans [@bib14].

The delivery of miRNAs to ECs as a mean of angiogenesis therapy has been reported. miR-126 delivery to ECs through circulating microparticles [@bib146] or apoptotic bodies [@bib82] induces vascular repair *in vivo*. Therapeutic delivery of miRNAs to ECs was also performed by intravenous injection of liposome-encapsulated miRNAs but this method did not only specifically target ECs, as miRNAs were also detected in leukocytes and other organs, including liver, spleen, and kidney [@bib159]. Another delivery method so-called ultrasound-targeted microbubble destruction (UTMD) has been described to solve this cell specificity issue. Delivery of miR-126 to the ECs of vessels in ischemic rat hind limb with this method resulted in downregulation of known miR-126 target genes only in ECs and not in liver and spleen as common off-target organs, and increased vessel length, vascular density, and tissue perfusion [@bib160]. UTMD is shown to be an efficient cell-specific method of miRNA delivery and less invasive in comparison to other delivery methods [@bib13]. Although the study was performed in the model of hind limb ischemia, it is likely that it can also be applied to study the effect of miRNA delivery to cardiac ECs in the context of pathological remodeling. An increasing number of evidence supports the notion of pro- and anti-angiogenic miRNAs exerting their effect during the development of cardiac pathologies. Even though there are less known regarding their therapeutic applications, lncRNAs are associated with EC function, and their pleotropic function, including being a sponge for miRNAs, renders their potential to modulate a specific process, including angiogenesis. In addition, therapeutically targeting lncRNAs could result in less off-target effects, due to their tissue specificity and their ability to regulate miRNA/mRNA networks [@bib161]. Modulation of angiogenesis-related-ncRNAs is associated with improvement or worsening of heart function. Therefore, both miRNAs and lncRNAs have the potential to serve as therapeutic targets to restore cardiac microvascularization in the progression of HF.

7. Conclusion and future perspectives {#sec7}
=====================================

Myocardial growth and angiogenesis response are reciprocal adaptive reactions of the heart. Physiological CM growth can induce an increase in capillary density in the heart, which in turn, enhances growth factors secretion from endothelium, maintaining heart muscle growth. This process indicates interplay between CM and cardiac ECs to maintain cardiac homeostasis. The canonical molecular mechanism involves the activation of PI3K/Akt1 pathway in CMs, leading to the secretion of VEGF and subsequent activation of ECs and stimulation of angiogenesis. Capillary rarefaction is a hallmark of a failing heart, which occur in the heart of patients with HF of different etiologies. Neovascularization therapies targeting PI3K/Akt1/VEGF axis are efficacious in animal models but unsuccessful in clinical trials, which could be due to the inefficiency of the single pro-angiogenic factors used in the studies.

ncRNAs emerge as new players involved in cardiac cellular crosstalk, affecting cardiac microvasculature homeostasis. The role of miRNAs is prominent in the myocardial vascularization with several miRNAs, including miR-92, -24, −26, −377, and 34, shown to be anti-angiogenic [@bib18], [@bib68], [@bib70], [@bib71], and several others, such as miR-126 and -210, to be pro-angiogenic [@bib82], [@bib83]. lncRNAs, being a larger counterpart of miRNAs, have emerged as new players involved in the regulation of heart tissue vascularization. MIAT and PUNISHER are two well-known lncRNAs involved in vessel formation in the heart [@bib110]. Extracellular transportation through exosomes has been shown to mediate miRNAs transfer between ECs and CMs and to affect critical functions on both cell types. lncRNAs, similar to miRNAs, can also be transported within exosomes and although their relevance in cardiac disease remains to be further elucidated, available data endorse their use as a biomarker or therapeutic target to treat pathologies of the heart.

The power of ncRNAs lies on their pleiotropicity, as they are capable to simultaneously regulate the expression of more than one gene, often regulating the same network or pathway, thereby synergistically enhancing the outcome of the regulation. Since angiogenesis therapy has been shown promising to treat HF, at least at the pre-clinical level, the potential of angiogenesis-related ncRNAs as strong modulators of angiogenesis in the heart should be further explored. The cell specificity and the applicability of the current delivery methods are also essential to be elucidated in order to extract the most beneficial effect of these angiogenesis-related ncRNAs not only in animal models, but also in clinical trials. Exosomes can be an alternative delivery method for ncRNAs. Both natural and modified exosomes, have been used as a tool to carry biological entities to target cells. It has been demonstrated that modified exosomes carrying a neuron-specific protein on their surface can transfer their siRNA cargo to mouse brains [@bib162]. Exosomes carrying recombinant proteins and tumor antigens expressed by cancer vaccines were reported to have a therapeutic effect in phase I clinical trials on patients with melanoma [@bib163]. Furthermore, several stem cell-derived exosomes were shown to induce tissue regeneration after ischemia [@bib164], [@bib165]. Despite these interesting possibilities for the use of exosomal delivery to treat diseases, a better understanding of their complex structure and cargoes, and their potential off-target effects is necessary before translation into the clinic.

FGF2 = Fibroblast Growth Factor 2; VEGF=Vascular Endothelial Growth Factor; CCDN1 = Cyclin D1; PGC-1α = Peroxisome proliferative activated receptor, Gamma, Coactivator 1 alpha; PTEN=Phosphatase and Tensin homolog; KLF2 = Krüppel-like factor 2; mTOR = mechanistic Target Of Rapamycin; Cul3 = Cullin 3; Dicer1 = Dicer ribonuclease 1; Rasa1 = RAS p21 protein activator 1; Spred1 = Sprouty-related, EVH1 domain containing 1; Spry1 = Sprouty RTK signalling antagonist 1; AT1R = Angiotensin Receptor 1; VEGFR2 = Vascular Endothelial Growth Factor Receptor 2; Ets1 = E26 avian leukemia oncogene 1, transcription factor; ZEB1 = Zinc finger E-box Binding homeobox 1; RPS6KB1 = Ribosomal Protein S6 Kinase, Polypeptide 1; Bcl2 = B-cell CLL/lymphoma 2; Cul2 = Cullin 2; KLF4 = Krüppel-Like Factor 4; CEBPB=CCAAT/enhancer binding protein beta; ATf3 = activating transcription factor 3; HAEC=Human Aortic Endothelial Cells; REC = Retinal microvascular Endothelial Cells; HUVEC=Human Umbilical Vein Endothelial Cells; MCAO = Middle Cerebral Artery Occlusion.
